Periodic Nanostructured anti-reflection coatings (NALs) are a promising option for enhancing transmission of coherent light without inducing scattering. We've found that reducing the height of NALs below a critical value to enhance mechanical stability can highly reduce the transmission efficiency. Here, using Rigorous Couples Wave Analysis (RCWA), we find the minimum height for over 99% transmission and effect of height on transmission bandwidth. Then, during a one-step plasma etching, two samples with different heights have been generated and their efficiency is evaluated using RCWA.
Introduction
Conventional ARCs coatings are based on destructive interference [1] [2] [3] at a certain wavelength, enhancing optical transmission at that specific wavelength. Using multiple layers for broadening the transmission spectrum results in considerable residual stresses [4] , lowers the tolerance and life of the multi layer AR coating; specially for high power laser applications [5] . Nanotechnology has introduced a broad span of new options for overcoming obstacles in science [6] and engineering [7] [8] [9] from sensing [10] - [14] to mechanical characteristics of materials [15] [16] which was not before possible. Nanostructured anti-reflection coatings (NALs) are the new generation of anti-reflection coatings designed to deal with previous problems.
These nanostructured materials work based on a fill factor concept [1] (fill factor relates the volume occupied with a dielectric to an effective refractive in-dex of the dielectric). Such coatings are widely used for increasing light transmission to solar cells [17] [18] , and light extraction from LED's [19] [20] and lasers [21] [22] . Sub-wavelength NAL structures are usually carved out of substrate and thus, are made of the same material as the underlying medium. NALS are used for different applications. For example, these structures can be used for increasing transmission in infrared detectors [23] . By using NALs on materials transparent to IR, the detection capability of infrared cameras considerably has improved [24] [25] . For solar cells and LEDs, the goal is to enhance scattering with or without diffraction of light [17] [18] [26] . In fact, for such application, the important parameters are the peak transmission and the bandwidth.
Moreover, for laser applications, these nanostructures should be made in subwavelength periodic fashion for reducing scattering [22] [24] [27] . Silicon is transparent across a portion of near and mid-IR [28] but its high refractive index causes significant reflection at the silicon/air interface. Nanostructuring the surfaces of silicon can be used to improve transmission at the silicon/air interface in IR applications. As previously mentioned, one of the main applications of NALs is enhancing transmission of light through optical elements used in high-powerlaser applications [29] [30] . In such applications, it is also crucial to avoid scattering. Therefore, the randomly distributed NALs are replaced by ordered ones [24] .
So far, considerable research has been done to fabricate NALs for enhancing transmission of IR [17] [23] [27] [31] . In most of these works, the height of nanostructure was optimized for boosting transmission without regard to mechanical stability and ruggedness. We will investigate the effect of height on the transmitted wavefront. We have fabricated an efficient profile for maximizing the transmission of light, while keeping the height of the nanostructures as low as possible. Shorter SiNPs are less prone to mechanical damage.
As the height of SiNPs decreases, the transmission significantly reduces. While researchers have fabricated tall silicon nanostructures for suppressing reflection [22] [27], we have fabricated much shorter silicon nanostructures with over 99% transmission. The transmission capability of the NAL structure has been evaluated using RCWA for different heights. It's shown that NALs designed for different wavelengths (with different heights), yield the same 99.1% transmission when their height results in a π phase shift imposed on the transmitted light beam. It's seen that doubling the height of the nanopillars significantly widens the bandwidth lowering the dependence of the nanostructures on pitch. This is important if one wants the NALs to improve the transmission across a wider bandwidth. In such a broadband design, one wants to design the broadband nanostructures with a small pitch to avoid diffraction for lower wavelengths [7] [32].
In this paper, we evaluate the effect of height on transmission peak efficiency and bandwidth. After finding out the effect of height using RCWA method for a previously designed NAL [32] , we proceed with fabricating NALs with two different heights. As the first step of fabrication, we use Interference lithography for patterning the silicon surface. Afterwards, the etching for generating tapered profiles is done using CF 4 and O 2 plasma. This is a single step process without the complexity of changing the plasma condition during the etch [33] . We have shown the resulting NALs using Scanning Electron Microscope (SEM). It's seen that using the lithography approach, the fill factor reduces due to empty spaces filled with air at the bottom (
, where A stands for cross-section occupied at each elevation of the NAL). Enhancing the fill factor of the NALs at the base is a common problem for lithographically generated NALs [7] [27] . Clearly, at the base, there is an empty space between the NALs due to nature of the Lithography. The effectiveness of the fabricated nanostructures is evaluated using RCWA. Taller NALs result in much higher transmission.
It's found that despite the empty spaces between the NALs, our NALs can result in a transmission above 92%.
Increasing Height to Wavelength Ratio
The nanostructures profile studied in our previous work [32] generated by a logarithmic approach, had a height of eff 2n λ which would result in a phase-shift of π in the light as it travels through the nanostructure. For simplicity, we will refer to this height as h π (
. This height is different for different profiles. The h π is actually half of the value commonly used in other reports [24] [27] . A NAL structure designed to generate a peak transmission for 4.72 μm wavelength using logarithmic approach [32] , is shown in Figure 1 . Our simulation results indicate that increasing the nanostructure height further than h π doesn't result in any significant increase in transmission at the peak wavelength, however the bandwidth will improve significantly as shown in Figure 2 . Effect of height is more significant for high refractive index materials. That is, as the refractive index increases, a more gradual shift of the effective refractive index is needed and higher NALs must be applied for increasing the transmission. While examining effect of height for our silicon NALs, we want to find the minimum possible height for maximal transmission of light (to avoid wave-front diffraction). line. This guarantees that the profile used will yield maximum transmission. As can be seen the transmission increases as the nanostructure height increases. The transmissions reach almost 100% as the height reaches h π . As shown in Figure  3 (b), all curves of Figure 3 (a) overlap when the nanostructure-heights are normalized with respect to their corresponding h π . Thus Figure 3 can be used to study the effect of nanostructure-height on transmission through NAL for all the wavelengths of interest. The results obtained here indicate that NALs with a thickness of h π provide maximum transmission while keeping the nanostructure heights at minimum. The results of this section indicate that h π is the optimal height for our nanostructures and in order to obtain maximum transmission at a target wavelength, the pitch should be set as using the Pitch 0.27 λ = * relationship. This pitch is related to our previously calculated profile [32] . 
Fabrication Method
In this section, we describe a process to fabricate tapered NALs in a single step without altering plasma condition or composition during the etching process. As discussed in previous section, as the height of the nanopillar decreases, the transmission decreases and its bandwidth narrows. This demands careful adjustment of pitch and profile for maximizing the transmission for the desired frequency. The fabrication process consists of patterning NR-7 negative photo-resist (over 70 nm Icon-7 ARC) by interferometric lithography (IL). An example of nanoholes generated by this approach is shown in Figure 4 . As a first step of fabrication, the silicon wafers were cleaned by RCA I and RCA II. A thin 70 nm thin layer of Icon7 (ARC) coating was spin-coated on silicon wafer and baked at 200˚C. Afterwards a 500 nm thick NR7 photo-resist was coated over the ARC layer and backed at 110˚C for 90 s. After exposure, the photo-resist was baked again at 110˚C for 1 minute and developed for 90 s (using and then dried with a nitrogen gun. The next step is exposing the silicon on the developed areas by ashing the Arc layer using an oxygen plasma ( Figure 4) . Then, using E-beam deposition, the sample was coated with Cr (or Ni). After lift-off the mask is ready. The IL setup used for this purpose is shown in Figure   5 .
A 355 nm wavelength, 3ns frequency tripled ND YAG laser is used for patterning the negative resist. The interference setup is shown in Figure 5 , where the laser beam passes a lens and is collimated using a concave mirror. Half of the beam is directly incident on the sample while the rest of beam, first hits the mirror and gets reflected on the resist. This generates parallel line patterns on the photo-resist. Now, the sample is rotated 90˚ and exposed to the IL laser again. The 2D pattern is now ready for being developed by developer solution. After developing the pattern (Figure 4) the masking metal will be deposited on the photo-resist and lifted off resulting in a periodic 2D pattern of metal dots. The metal mask preserves the silicon underneath it while the silicon elsewhere is etched by reactive ion etch process (RIE). The resulting straight NALs as seen in Figure 6 if only CF 4 are used for etching. If in our simulations we enter the same effective index for short NALs, its efficiency is still much less than the taller NALs.
We have emphasized the effect of height of nanopillars on bandwidth while showing that if designed for a single wavelength laser, the height of NALs can be taken quite short. This significantly enhances the mechanical stability. Profiles with tapered sidewalls are fabricated. However, our fabricated nanostructures 
Conclusion
NALs etched out of a substrate have the same material as the substrate which minimizes thermal stresses. They are designed to optimize transmission of infrared light from air into silicon substrate. As long as the dimensions of the nanostructures are kept small compared to the wavelength of the light, the refractive index can be engineered in NALs through changing the "Fill-factor''. Our investigation shows that reducing the height to eff 2n λ still can result in above 99% transmission.
This highly increases the mechanical stability of nanostructured surface. The results of RCWA show that we can gain a broadband transmission using the fabricated structures. The NALS profile allows a continuous transition of refractive index from air to the silicon substrate resulting in up to 99.1% transmission. Profiles close to the calculated results need to show that they are close to the structures generated on silicon using CF 4 and O 2 plasma in a single step, without changing the composition or plasma power during the etch. This highly reduces the complexity and cost of the etching process. The patterns are generated using IL. The periodicity of patterns generated by IL results in NALs capable of trans-mission without diffraction while minimizing the scattered light. This maintains the quality of transmitted infrared laser beams without any forward diffraction or any scattering common in random structures. The short height of the NALs (equivalent to a π phase shift), would be big advantage since it retains the transmission peak above 99% while highly enhancing the mechanical stability.
